Objective-The goal of this study was to determine the impact of the nuclear receptor constitutive androstane receptor (CAR) on lipoprotein metabolism and atherosclerosis in hyperlipidemic mice. Methods and Results-Low-density lipoprotein receptor-deficient (Ldlr Ϫ/Ϫ ) and apolipoprotein E-deficient (ApoE Ϫ/Ϫ ) mice fed a Western-type diet were treated weekly with the Car agonist 1,4-bis[2-(3,5dichloropyridyloxy)]benzene (TCPOBOP) or the vehicle only for 8 weeks. In Ldlr Ϫ/Ϫ mice, treatment with TCPOBOP induced a decrease in plasma triglyceride and intermediate-density lipoprotein/low-density lipoprotein cholesterol levels (Ϸ30% decrease in both cases after 2 months, PϽ0.01). These mice also showed a significant reduction in the production of very-low-density lipoproteins associated with a decrease in hepatic triglyceride content and the repression of several genes involved in lipogenesis. TCPOBOP treatment also induced a marked increase in the very-low-density lipoprotein receptor in the liver, which probably contributed to the decrease in intermediate-density lipoprotein/low-density lipoprotein levels. Atherosclerotic lesions in the aortic valves of TCPOBOP-treated Ldlr Ϫ/Ϫ mice were also reduced (Ϫ60%, PϽ0.001). In ApoE Ϫ/Ϫ mice, which lack the physiological apoE ligand for the very-low-density lipoprotein receptor, the effect of TCPOBOP on plasma cholesterol levels and the development of atherosclerotic lesions was markedly attenuated. Conclusion-CAR is a potential target in the prevention and treatment of hypercholesterolemia and atherosclerosis. (Arterioscler Thromb Vasc Biol. 2011;31:2232-2239.)
T he constitutive androstane receptor (CAR) is a nuclear receptor that is primarily considered a xenobiotic sensor, 1,2 and many of its target genes are involved in the hydroxylation, conjugation, and excretion of potentially harmful exogenous molecules. In addition to these wellrecognized functions, CAR plays a role in the metabolism of endogenous compounds, such as bile acids. Indeed, under cholestatic conditions, CAR promotes the detoxification of bile acids through alternative pathways, distinct from those regulated by the classical bile acid receptor farnesoid X receptor. [3] [4] [5] Very recently, we observed that Car activation is able to stimulate the excretion of cholesterol in the feces through its conversion into bile acids, with positive consequences on reverse cholesterol transport and whole-body cholesterol homeostasis. 6 In addition, the first characterizations of atherosclerotic lesions in the aortic arch and descending aorta by en face analysis indicated that the Car agonist 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) has an atheroprotective effect in apolipoprotein E-deficient (ApoE Ϫ/Ϫ ) mice. 6 As well as being involved in bile acid metabolism, CAR has also been shown to play a role in other lipid-related metabolic pathways, but with somewhat contradictory reports regarding its implication in cholesterol and triglyceride (TG) metabolism. On the one hand, several studies have demonstrated that Car activation reduces plasma TG levels and liver steatosis in mice through the inhibition of hepatic lipogenesis. [7] [8] [9] [10] On the other hand, it has been reported that the rise in plasma TG levels observed in ob/ob mice fed a high-fat diet is abolished in Car-deficient animals. 11 TCPOBOP, a specific Car activator, was found to increase plasma TG in the same study. 11 We have recently shown that 5 days of treatment with TCPOBOP is able to markedly reduce high-density lipoprotein (HDL) cholesterol levels in WT and human apoA-I transgenic mice. 12 Interestingly, and in addition to its impact on HDL, TCPOBOP was also found to induce a significant decrease in plasma apoBcontaining lipoproteins, with significant reductions in plasma apoB-100 and low-density lipoprotein (LDL) cholesterol levels. 12 Unlike in humans, HDL predominates in the plasma of both WT and human apoA-I transgenic mice. Because of this, the observed decreases in LDL levels did not contribute to a large extent to the TCPOBOP-mediated decrease in total plasma cholesterol levels in these mice, and the impact on apoB-containing lipoproteins might well have been underestimated. In all cases, the observed changes in lipoproteins were found to be Car specific, with no changes in either HDL or apoB-containing lipoproteins in Car-deficient mice treated with TCPOBOP. 12 The aim of the present study was to explore the effect of Car activation on lipoprotein metabolism and atherogenesis in the long term, with specific emphasis on apoB-containing lipoproteins in hyperlipidemic mouse models. To this end, low-density lipoprotein receptor-deficient (Ldlr Ϫ/Ϫ ) and ApoE Ϫ/Ϫ mouse homozygotes were fed a Western-type diet, and they were treated or not with a weekly injection of the Car agonist TCPOBOP. Plasma lipoprotein profiles were determined at 5 days, 4 weeks, and 8 weeks, and the development of atherosclerosis lesions was assessed after 8 weeks. It is shown here that the Car agonist TCPOBOP decreases plasma TG-rich lipoprotein and intermediatedensity lipoprotein (IDL)/LDL levels, resulting in a significant reduction in the size of atherosclerotic lesions in the aortic valves of TCPOBOP-treated Ldlr Ϫ/Ϫ mice. In contrast, TCPOBOP had a reduced impact on plasma cholesterol levels in ApoE Ϫ/Ϫ mice and did not reduce the development of atherosclerotic lesions in aortic valves to a statistically significant extent in ApoE Ϫ/Ϫ mice.
Materials and Methods
A detailed Materials and Methods section is given in the supplemental material, available online at http://atvb.ahajournals.org.
Animals
Ldlr Ϫ/Ϫ and ApoE Ϫ/Ϫ mice on a homogenous C57Bl/6 background (Jackson laboratory, Bar Harbor, ME) were used in the present study. Ten-week-old female mice were used. Once a week for 2 months, 3 mg/kg of TCPOBOP (Sigma-Aldrich, St. Louis, MO) was given to the mice via an intraperitoneal injection, with corn oil as vehicle. Control animals received the vehicle only. The mice were fed a Western-type diet (21% fat and 0.2% cholesterol, Safe, Augy, France). Weight gain and food intake were monitored once a week. The mice were killed 5 days after the last injection. All of the experimental procedures were conducted in accordance with the local guidelines for animal experimentation. Protocol no. 7105 was approved by the Animal Care and Use Committee of the University of Burgundy. The plasma lipoproteins were fractionated in a Superose 6 HR 10/30 column (Amersham Pharmacia Biotech, Saclay, France) connected to a fast protein liquid chromatography system. The plasma lipid parameters were determined on a Victor2 1420 Multilabel Counter (PerkinElmer Life Science, Boston, MA). Total cholesterol and TG concentrations were measured by enzymatic methods. Relative mRNA levels were determined by real-time reverse transcription-polymerase chain reaction using a SYBR Green real-time polymerase chain reaction kit (Invitrogen, Carlsbad, CA) on a LightCycler 2.0 detection system (Roche Diagnostics, Meylan, France).
Quantification of Atherosclerosis Lesions
The hearts and proximal aortas were perfused and fixed with paraformaldehyde and excised. The tissues were serially cryosectioned (6 m thickness) and stained with Oil Red O. The extent of Oil Red O staining was measured using color thresholding to delimit the area of staining with Photoshop software, and the surface area stained with Oil Red O was measured. The size of the aortic valve lesion of each animal was calculated as the mean lesion area of 5 sections. Two investigators, blinded to the treatment received, independently analyzed the images. For immunohistological analyses, serial sections from proximal aortas were stained with Oil Red O or Masson trichrome or immunostained with specific antibodies (anti-␣-smooth muscle actin [Sigma-Aldrich] and Lamp-2 antibody [Dako] for macrophages).
Statistical Analysis
The results were expressed as meanϮSD. All of the statistical data were analyzed using the Student t test except for atherosclerosis lesion areas, which were analyzed using the Mann-Whitney U test.
Results

Effect of TCPOBOP on Lipoprotein Profile in Ldlr ؊/؊ Mice
To assess the effect of Car activation on plasma lipoprotein profiles with specific emphasis on apoB-containing lipoproteins, Ldlr Ϫ/Ϫ mice were treated for up to 8 weeks with TCPOBOP. Plasma samples were collected after 5 days, 4 weeks, and 8 weeks of treatment. As previously described, 9 TCPOBOP-treated mice gained slightly less weight than did vehicle-treated mice (Supplemental Figure I ). As shown in Figure 1A and Supplemental Table I , Car activation induced a marked decrease in total plasma cholesterol concentration at day 5, with significant reductions in the cholesterol content of all lipoprotein subclasses, including very-low-density lipoprotein (VLDL), LDL, and HDL. The plasma TG concentration was also significantly reduced ( Supplemental Table I ) because of a decrease in the VLDL fraction ( Figure 1B ). Overall, a consistent picture was maintained throughout the 8-week study period. However, there were a few differences between the effect of TCPOBOP after 5 days and after 8 weeks of treatment. A 30% reduction in IDL/LDL (IDLϩLDL fractions) cholesterol was still observed in TCPOBOP-treated mice after 8 weeks, whereas HDL and VLDL cholesterol levels no longer differed from those of untreated animals ( Figure 1C and 1D). The reduction in plasma TGs was also maintained during the 8 weeks of treatment ( Figure 1D ). As expected, the plasma level of apolipoprotein B was significantly reduced in the TCPOBOPtreated group ( Figure 1F ).
Effect of TCPOBOP on Hepatic Lipid Content, VLDL Production, and Lipogenic Pathways
To determine whether the alteration in VLDL production by the liver might contribute to the reduction in plasma TG concentration, the accumulation of liver-derived VLDL particles in plasma was measured in fasted Ldlr Ϫ/Ϫ mice that had been injected with poloxamer P407 (ie, a VLDL catabolism blocker). 13 As shown in Figure 2A , intraperitoneal injection of poloxamer induced a time-dependent accumulation of TGs in the blood of both control and TCPOBOP-treated mice. Whereas TG secretion was substantially reduced in TCPOBOP-treated mice compared with controls receiving the vehicle, no difference in VLDL cholesterol secretion was observed ( Figure 2B ). As expected, the analysis of VLDL composition in TCPOBOP-treated mice after 8 weeks of treatment revealed that the particles were enriched in cholesterol compared with TG (cholesterol to TG ratio: 6.68Ϯ2.67 vs 4.38Ϯ1.59, PϽ0.05). Because lipid availability is a limiting step for secretion of apoB-containing lipoproteins by the liver, we measured the hepatic TG and cholesterol content. As shown in Figure 2C , the livers of TCPOBOPtreated mice showed a reduction in TG and cholesterol levels. Finally, we checked for mRNA levels of genes involved in the control of lipogenesis, such as insulin-induced gene 1 (Insig-1), sterol responsive element binding protein 1c (Srebp1c), fatty acid synthase (Fas), acetyl coenzyme A carboxylase (Acc), and steroyl coenzyme A desaturase (Scd-1) ( Figure 2E ). As previously described, Insig-1, which is a negative regulator of Srebp1c cleavage, 14 was induced by the TCPOBOP treatment, Srebp1c and Scd-1 mRNA levels were decreased, and no changes were observed for Acc and Fas (Figure 2E ). Interestingly and as previously reported, mRNA levels of peroxisome proliferator-activated receptor-␣ target genes, such as Cpt1 (carnitin-palmitoyl transferase 1), Cyp4a14, and Cte1 (cytosolic acyl-coenzyme A thioesterase 1) were markedly reduced in TCPOBOPtreated mice ( Figure 2D ). The expression level of hydroxymethyl glutaryl COA reductase, (Hmgr) (ie, a well-known cholesterol-sensitive gene) was increased in the liver of TCPOBOP-treated animals ( Figure 2E ), bringing further support to the decreased hepatic cholesterol content of TCPOBOP-treated mice. Rates of production were assessed after injection of Poloxamer 407. TG were measured by enzymatic methods before injection and after 30 minutes, 2 hours, and 4 hours (nϭ10 per group; *PϽ0.005 vs vehicle). Basal levels of TG were 1.95Ϯ0.7 g/L for vehicle-treated mice and 1.06Ϯ0.32 g/L for TCPOBOP-treated mice (PϽ0.005). Data are given as g/g of body weight. B, Rate of TG and cholesterol secretion in very-low-density lipoprotein (VLDL). Cholesterol and TGs were measured in the VLDL fraction before injection and after 4 hours (nϭ10 per group; *PϽ0.01 vs vehicle). C, Hepatic lipid content. Ldlr Ϫ/Ϫ mice were treated with TCPOBOP or vehicle for 2 months. Lipids were extracted from the liver and measured as described in Materials and Methods. Values are expressed as nmol/mg of tissue (wet weight) (nϭ10 per group; *PϽ0.01 vs vehicle). D, Relative mRNA levels of peroxisome proliferator-activated receptor-␣ target genes. Liver mRNA levels of Cpt1, Cte, and Cyp4A14 were determined by real-time reverse transcription-polymerase chain reaction (nϭ10; *PϽ0.05 vs vehicle). E, mRNA levels of genes involved in the control of lipogenesis and cholesterol synthesis. Liver and mRNA levels of Insig-1, Srebp1c, Scd-1, Acc, Fas, and Hmgr were determined by real-time reverse transcriptionpolymerase chain reaction (nϭ10 per group; *PϽ0.05 vs vehicle). Ten-week-old female mice were used for these experiments.
Finally, to demonstrate further that changes in mRNA levels were a direct consequence of Car activation and not restricted to Ldlr Ϫ/Ϫ mice, WT and Car Ϫ/Ϫ mice were treated with TCPOBOP injections. As shown in Supplemental Figure  II , the TCPOBOP-mediated changes were abolished in Car Ϫ/Ϫ mice for all the genes, whereas the effect was maintained in WT mice with the repression of Cpt1, Cte, Cyp4a14, and Srebp1c and the induction of Insig-1 (Supplemental Figure II ).
Car Activation Increases mRNA and Protein Levels of the VLDL Receptor in the Liver
A reduction in IDL/LDL cholesterol levels in TCPOBOPtreated mice was observed throughout the 8-week period studied. To establish whether it might be related to changes in lipoprotein clearance pathways, kinetic analysis was performed with IDL/LDL labeled with 3 H-cholesteryl esters. As shown in Figure 3A , plasma radioactivity was significantly lower in TCPOBOP-treated mice 8 hours after injection of the tracer, suggesting an increased clearance of apoBcontaining lipoproteins after Car activation. In parallel, hepatic mRNA levels of major genes that drive recognition and catabolism of apoB-containing lipoproteins were assessed by real-time polymerase chain reaction. As shown in Figure 3B , VLDL receptor (Vldlr) mRNA levels were increased by approximately 30-fold after TCPOBOP treatment, also leading to a rise in Vldlr protein levels as shown by Western blot analysis ( Figure 3C ). In contrast, no changes were observed for mRNA levels of LDL receptor-related protein, hepatic lipase, lipoprotein lipase, or scavenger receptor B1 (Supplemental Figure III) . Again, to demonstrate further that Vldlr overexpression was a direct consequence of Car activation, WT and Car Ϫ/Ϫ mice 15 were treated with TCPOBOP injections. As shown in Figure 3D , the TCPOBOP-mediated induction of Vldlr was completely abolished in Car Ϫ/Ϫ mice.
Because the Vldlr is known to bind apoE but not apoB, 16 we checked the distribution of these 2 apolipoproteins in fast protein liquid chromatography fractions (Supplemental Figure IV) . We observed that apoE was present not only in VLDL but also in IDL/LDL fractions, thus supporting the hypothesis that Car-mediated induction of the Vldlr contributes to the TCPOBOP-mediated decrease in these lipoprotein fractions.
To test whether CAR/retinoid X receptor-heterodimers activate the mouse Vldlr promoter, we cloned fragments of the mouse Vldlr promoter into a pGL3 luciferase reporter vector. Although some induction was observed with Car/ TCPOBOP conditions, no Car-responsive element could be characterized by mutagenesis. In addition, we could not find any evidence of Car binding to the proximal promoter of the Vldlr gene (data not shown). Based on these negative results, we searched for potential Car-binding elements in the genomic area near the Vldlr gene by chromatin immunoprecipitation sequencing in HepG2 cells, which express the murine form of CAR. With this approach, we were able to identify 3 Car-responsive elements located approximately 50 kbp upstream of the Vldlr gene in cells treated with TCPOBOP (Supplemental Figure V) . Two of these elements (Ϫ51 and Ϫ57 kbp) were conserved in the mouse genome and were selected for luciferase reporter assay. For the first element (CARE1), the human sequence but not the mouse sequence induced luciferase activity in response to mouse Car. However, for the second element (CARE2), both the B, Relative very-low-density lipoprotein receptor (Vldlr) mRNA levels in the liver of Ldlr Ϫ/Ϫ mice after 2 months of treatment (nϭ10 per group; *PϽ0.001 vs vehicle). C, Western blot analysis of Vldlr in the liver. Total proteins were extracted from the liver, and Vldlr was detected with a specific antibody. Data were normalized with ␤-actin. D, Relative mRNA levels of Vldlr in wild-type (WT) and Car Ϫ/Ϫ mice treated or not with TCPOBOP (nϭ10; *PϽ0.05 vs vehicle). Ten-week-old female mice were used for these experiments. E and F, Identification of Car-responsive elements in the genomic area of the Vldlr gene. E, Potential Car-responsive elements were identified by chromatin immunoprecipitation sequencing in HepG2 cells and were aligned to mouse genomic sequences. F, Human 293 HEK cells were transfected with constructs containing putative Car-responsive elements placed in front of a minimal thymidine kinase promoter in pGL3 luciferase reporter vectors in the presence of pSG5-retinoid X receptor and pCMx-Car or empty vectors. Phenobarbital-responsive enhancer module (PBRE) was used as the positive control. One day after transfection, cells were treated with TCPOBOP (1 mol/L) or dimethyl sulfoxide (control) for 24 hours, and luciferase activities were measured on cell lysates. Results are relative to the levels in untreated cells. Each bar is the meanϮSD of triplicate determinations. *PϽ0.05 vs empty vector. Hu indicates human; Mu, murine; mut, mutated; TK, thymidine kinase. human and mouse sequences were fully responsive to Car/ TCPOBOP conditions ( Figure 3F ), and mutation of the DR4 element (GGGTTAcacaAGGTCA to GGGTTAcacaATTTTT) totally abolished the response of the promoter construct to Car. Altogether, these data suggest that this element may act as an enhancer to stimulate mouse Vldlr expression in response to TCPOBOP treatment. Overall, these observations bring support to the hypothesis that TCPOBOP plays a role in increasing the catabolic pathway for the apoB-containing lipoproteins through the Car-mediated upregulation of Vldlr.
TCPOBOP Decreases Atherosclerotic Lesions in Ldlr ؊/؊ Mice
We sought to determine the consequences of TCPOBOPmediated changes in plasma lipoprotein parameters on the susceptibility to atherosclerosis. After completion of the 8-week treatment period, the extent of atherosclerotic lesions was quantified on serial cryosections of the proximal aorta after Oil Red O staining. As shown in Figure 4A , the area of the atherosclerotic lesion in aortic valves was substantially smaller, approximately 60%, in TCPOBOP-treated animals than in controls, which received vehicle only. The immunohistological analysis of lesions revealed no major morphological differences between the 2 groups, in both cases with an accumulation of lipid-rich macrophages (Supplemental Figure VI) .
Car Activation Has a Reduced Impact on Plasma Cholesterol Levels and Atherosclerotic Lesions in ApoE ؊/؊ Mice
Because apoE, unlike apoB, is a ligand for the Vldlr, 16, 17 we sought to determine whether the impact of Car activation on plasma cholesterol levels and the development of atherosclerosis was maintained in ApoE Ϫ/Ϫ mice. The mice were treated with TCPOBOP for 8 weeks using the same protocol. As for Ldlr Ϫ/Ϫ , TCPOBOP was well tolerated throughout the 8-week study period, with no significant changes in food intake. Again, TCPOBOP-treated mice gained slightly less weight (Supplemental Figure VII) . We compared the expression of Car target genes after only 1 TCPOBOP injection and after 2 months of treatment to check whether efficient Car activation was maintained throughout the treatment. In all cases, similar or even greater induction of the genes was observed in the TCPOBOP-treated group after 2 months, thus indicating efficient and persistent Car stimulation (Supplemental Figure VIII) . As shown in Supplemental Table II and Figure 5A , Car activation induced only a moderate decrease in total plasma cholesterol concentration at day 5 (Ϫ10%, PϽ0.05) with a reduction in the cholesterol content of the VLDL fraction ( Figure 5A ). Plasma TG concentrations were also significantly reduced ( Supplemental Table II ) because of a decrease in the VLDL fraction ( Figure 5A) . As was the case in Ldlr Ϫ/Ϫ mice, Vldlr mRNA levels were highly increased after TCPOBOP treatment. Interestingly, a significant induction of Ldlr mRNA levels was also observed in the TCPOBOP-treated group (Supplemental Figure VIII) . This was probably related to the decreased cholesterol concentration in the liver induced by Car activation. However, no significant changes in plasma cholesterol and TG levels were observed after 4 and 8 weeks, and the proportion of VLDL and IDL/LDL fractions had not changed at 8 weeks ( Figure 5A ).
Finally, after completion of the 8-week treatment period, the extent of the atherosclerotic lesions was quantified on serial cryosections of the proximal aorta after Oil Red O staining. As shown in Figure 6A , there was only a nonsignificant trend toward a reduction in the atherosclerotic lesion of the proximal aorta in TCPOBOP-treated animals compared with controls receiving the vehicle only.
Discussion
We have previously shown in our laboratory that TCPOBOP is able to decrease both HDL and LDL cholesterol in mice. 12 However, these effects were monitored over short periods of treatment in wild-type (WT) and human apoA-I transgenic mice, which, unlike humans, normally present only moderate levels of apoB-containing lipoproteins. The results of the present study demonstrate that treatment with the Car agonist TCPOBOP has the potential to decrease circulating levels of apoB-containing lipoproteins and to reduce the development of atherosclerotic lesions in the long term in Ldlr Ϫ/Ϫ mice. The beneficial effects on the lipoprotein profile are related to a decreased secretion of TG-rich lipoproteins and to an increased clearance of cholesterol-rich/apoB-containing lipoproteins, whereas the early effect on HDL level is only transient. The Car-mediated induction of the Vldlr probably accounts, at least in part, for the observed phenotype because the effects of TCPOBOP are markedly attenuated in ApoE Ϫ/Ϫ mice that lack this physiological ligand for the Vldlr.
CAR was initially described as a xenobiotic sensor that regulates genes involved in the detoxification and elimination of potentially harmful exogenous molecules. However, recent studies have underlined its role in the metabolism of endogenous molecules, including bile acids, cholesterol, and TGs. 6, 10, 12 As observed in a recent study from our group, 12 acute treatment of WT and human apoA-I transgenic mice with a Car agonist decreased HDL cholesterol and apoA-I, and it also reduced LDL cholesterol levels. We chose here to use Ldlr Ϫ/Ϫ mice fed a Western-type diet to assess the effects of Car activation on both lipoprotein metabolism and atherosclerotic lesions over a longer/2-month period. Ldlr Ϫ/Ϫ mice display high levels of apoB-containing lipoproteins and are highly susceptible to diet-induced atherosclerosis. As previously described, 5 days of treatment with the Car agonist produced a marked reduction in total plasma cholesterol levels that was related to a decrease in all lipoprotein classes, including VLDL, LDL, and HDL. A reduction in plasma TG levels was also observed. A consistent but slightly different picture was observed after longer periods of treatment. Whereas VLDL and HDL cholesterol levels were no longer reduced, Ϸ30% reductions in LDL cholesterol and plasma TG levels were still observed at weeks 4 and 8. These results clearly show that Car activation can exert 2 kinds of effects. On the one hand, acute effects on HDL and VLDL are only transient and disappear after a few weeks of treatment, suggesting the existence of compensatory mechanisms that antagonize Car activity. On the other hand, reductions in LDL cholesterol and TG levels were observed at every time point and might be mediated by distinct, Car-specific mechanisms.
There is an apparent controversy about the effect of Car on TG metabolism. On the one hand, Car activation has been shown to reduce plasma TG levels, to decrease VLDL secretion, and to reduce lipogenesis in mice. 8 -10 These effects were further associated, as in the present study, with the Car-mediated induction of the Insig-1 gene that negatively regulates the lipogenic transcription factor Srebp1c. 7, 8 On the other hand, treatment with TCPOBOP has been shown to increase TG levels in WT mice fed a Western-type diet, 11, 12 and Car-deficient mice present significantly lower plasma TG levels under a high-fat diet. 11 Moreover, Car deficiency has been shown to increase fatty acid ␤-oxidation, suggesting that Car antagonizes some peroxisome proliferator-activated receptor-␣ mediated pathways (including ␤-oxidation). We provide here a tentative explanation for this apparent contradiction. In accordance with earlier observations, 11 the Carmediated inhibition of peroxisome proliferator-activated receptor-␣-dependent pathways was supported by the decreased expression of peroxisome proliferator-activated receptor-␣ target genes, such as Cpt1, Cyp4a14, and Cte1. In contrast, and as previously described, 7,8 the Insig-1 gene (ie, a negative regulator of Srepbp1c cleavage) was induced after Car activation, and mRNA levels of key lipogenic genes, such as Srebp1c and Scd-1, were downregulated. Thus, Car is able to exert concomitant and antagonistic actions, and the overall effect is likely to result from a subtle balance depending on the metabolic context. As far as the present study is concerned, Car activation clearly decreased liver TG content and plasma TG concentration, ie, 2 potential beneficial effects in terms of atherosclerosis. Moreover, because the effect of Car activation on plasma TG levels was more pronounced in Ldlr Ϫ/Ϫ than in ApoE Ϫ/Ϫ mice, we cannot exclude the possibility that induction of the Vldlr also contributed to the decrease in plasma TG levels.
Besides plasma TG levels, the atherogenicity of the lipoprotein profile in Ldlr Ϫ/Ϫ mice is mainly determined by the accumulation of cholesterol-rich IDL/LDL lipoproteins because of the absence of LDL-receptor expression. Importantly, we show here that TCPOBOP is able to increase the catabolism of these lipoproteins, probably through the induction of hepatic VLDL-receptor which belongs to the LDL receptor family. Although VLDLR is a peripheral receptor, which is normally expressed in muscle and adipose tissue with a very low level of expression in the liver, its hepatic expression is known to increase in Ldlr Ϫ/Ϫ mice. Its expression is detectable at the mRNA and protein levels in the liver and is subject to transcriptional regulation. 18 -20 This suggests that VLDLR has a potential role as a backup for the LDL receptor. 18 Our results show that TCPOBOP is able to increase Vldlr expression even further, by more than 20-fold in the liver after 8 weeks of treatment. Upregulation of the Vldlr is the most relevant explanation for the increased clearance of apoB-containing lipoproteins in TCPOBOPtreated animals because we did not observe any changes for any other major apoB-containing lipoprotein receptors. In further support of the latter view, data from the literature clearly show that hepatic overexpression of Vldlr by the use of viral vectors promotes the preferential reduction of IDL/ LDL particles, just as we observed in the present study. 19, [21] [22] [23] [24] Most importantly, when the expression of the Vldlr ligand (ie, ApoE) was suppressed in ApoE Ϫ/Ϫ mice, the impact of TCPOBOP on plasma apoB-containing lipoproteins was markedly attenuated. Importantly, the TCPOBOP-mediated regulation is Car specific because the effect on Vldlr expression was totally abolished in Car-deficient mice (Figure 3) , and Car seems to activate specific enhancer elements upstream of the Vldlr gene ( Figure 3 ).
Finally, in accordance with these potentially beneficial changes, atherosclerosis was significantly decreased in TCPOBOP-treated animals. The mechanisms that account for this reduction are probably related to the modification of plasma lipoprotein metabolism at the systemic level. Local effects at the vascular wall are unlikely because Car is mainly expressed in the liver and intestine, with much lower levels of expression in other tissues. 15 Although the decrease in plasma TG levels could also have contributed to the reduction in lesion size, the reduction in cholesterol levels in apoBcontaining lipoproteins probably produced the major impact in preventing atherosclerosis. Accordingly, hepatic expression of Vldlr by different strategies efficiently reversed hypercholesterolemia and susceptibility to atherosclerosis in Ldlr Ϫ/Ϫ mice. 19, [22] [23] [24] Very recently, we observed that Car activation was able to stimulate the fecal elimination of cholesterol by converting it into bile acid, with positive consequences on reverse cholesterol transport and whole-body cholesterol homeostasis in Ldlr Ϫ/Ϫ mice and ApoE Ϫ/Ϫ mice. 6 It is therefore likely that the decreased atherogenicity of the lipoprotein profile, as well as the stimulation of RCT, contributed in a synergistic manner to the reduction of atherosclerotic lesions in Ldlr Ϫ/Ϫ mice. In accordance with this hypothesis, the impact of TCPOBOP on atherosclerosis was less pronounced in ApoE Ϫ/Ϫ mice than in Ldlr Ϫ/Ϫ mice. Indeed, although we previously observed a decrease in atherosclerotic lesions in the aortic arch and descending aorta in ApoE Ϫ/Ϫ mice treated with TCPOBOP by en face analysis, 6 the reduction in lesion size in the aortic valves of ApoE Ϫ/Ϫ mice did not reach statistical significance in the present study and was less pronounced than in Ldlr Ϫ/Ϫ mice (Figures 4 and 6) .
In conclusion, the results of present study indicate that Car activation is atheroprotective in some mouse models. Whether CAR constitutes a potential target in the prevention or treatment of atherosclerosis in humans deserves further investigation.
